Graphene is a basic building block for many known and emerging carbon-based materials whose properties largely depend on the way how graphene is structured at the nanoscale. Synthesis of novel threedimensional (3D) nanostructures of graphene would be an important advance for fundamental research and various applications. In this paper, we discuss the possibility of fabricating complex 3D graphene nanostructures by growing graphene on pre-synthesized nanostructured metal templates by chemical vapor deposition (CVD) and then etching away the metal. In the proof-of-concept experiments, we study this idea using two types of metal nanostructures, inverse opals and slanted nanopillar arrays grown by a glancing angle deposition (GLAD) technique. Due to the elevated temperatures used in typical CVD growth, nanostructures can be easily damaged during the growth process. Therefore, we systematically study the roles of different parameters, such as the composition, morphology and crystallinity of a nanostructured metal, as well as the CVD growth temperature and different carbon sources to grow graphene on metal nanostructures and at the same time preserve their integrity. In particular, we show that nanostructures with large crystalline domains can withstand high temperature CVD, whereas polycrystalline nanostructures, such as nanopillars grown by GLAD, suffer damage even at the low growth temperature of 500 C. In the case of such thermally sensitive nanostructures, a careful selection of a highly reactive carbon source that could form graphene at lower temperatures becomes crucial. Furthermore, the selection of a metal is also important, as cobalt nanostructures are shown to be more resistant to thermal damage than their nickel counterparts. Finally, we could successfully remove the nanostructured metal templates to form free-standing graphene-based inverse opals and hollow graphene nanopillars. The findings presented in this paper could facilitate synthesis of other 3D graphene nanostructures.
Since the mechanical exfoliation and characterization of the electronic properties of graphene 1 much research has been focused on characterizing and modifying the physical properties of graphene to better suit technological applications. Interestingly, graphene's remarkable physical properties are strongly dependent on how the graphene sheet is shaped. For example, graphene sheets could be carved to form narrow graphene nanoribbons (GNRs) that could be either metallic or semiconductive depending on their width and edge structure. 2 Carbon nanotubes (CNTs), one-dimensional carbon allotropes, could be considered as rolled-up sheets of graphene.
3 Similar to GNRs, CNTs could be either semiconductive or metallic depending on their diameter and chirality, i.e. the angle at which the graphene sheet is rolled. 4 These two examples show that carving, twisting and rolling graphene sheets could be powerful tools to achieve graphene-based structures with new properties. This idea was extensively explored theoretically, as numerous three-dimensional (3D) graphene-based materials with intriguing properties have been proposed. These materials include periodic 3D structures comprising graphene sheets interconnected by nanotubes ("pillared graphene"), 5 hybrid graphene-CNT structures 6 and 3D graphene frameworks 7 among others; many of these materials are discussed in a recent review. 8 However, synthesis of such 3D graphene-based periodic structures remains a great challenge.
One of the foremost methods of the synthesis of graphene is chemical vapor deposition (CVD) primarily on copper or nickel substrates, 9-11 whereby centimeter-scale sheets of high quality graphene can be readily grown over the surface of a catalyst metal. Although the typical CVD procedure involves growth of graphene over the surface of a at metal foil, the CVD method could be a powerful tool to grow complex 3D graphene-based periodic structures on properly structured substrates. Fig. 1 illustrates how an arbitrarily shaped 3D metallic object (a) could serve as a backbone to grow and support a 3D graphene structure (b). Due to the complex shape and curvature the graphene coating is likely to possess structural defects that may enable etching away the metal template; whether the resulting graphene structure (c) will be free-standing or collapse could depend on many factors, such as its size, shape and etching procedure.
The goal of this study was to experimentally verify whether the growth concept presented in Fig. 1 could indeed be a viable approach to complex 3D graphene nanostructures. A control of graphene's nanoscopic morphology would afford the researcher access to any number of interesting graphene-based nanomaterials and hybrid materials. Previously, much attention has been given to optimizing graphene's micro-and nanoscale morphology for use in medical imaging, solar cells, supercapacitor electrode materials, electronic devices, and many other applications. 10, [12] [13] [14] [15] Although structured CVD catalyst metals have been used to synthesize graphene of unique morphologies, they have been limited in scalability or to macroscopic structures. 14, 16 Thus far, no studies examining methods to deposit graphene over the surfaces of periodically arranged 3D nanostructures have been presented.
For this study we selected two different types of metal nanostructures ( Fig. 2) : (a) nickel inverse opals grown by electrodeposition, [17] [18] [19] [20] and (b) nickel slanted columnar thin lm (SCTF) arrays grown by a glancing angle deposition (GLAD) technique. 21 These nanostructures are made of the same material (Ni) and have comparable characteristic dimensions, such as an average periodicity (d) on a submicron scale and a smallest feature size t < 50 nm. However, they are prepared via completely different fabrication techniques and have entirely different geometries. Therefore, a comparison of graphene products grown on these different nanostructures by CVD under the same conditions will provide insights into the roles of the nanostructure's geometry and preparation procedure. For comparison of graphene products, we also conducted identical depositions over the surface of nickel foil.
In the preliminary experiments we optimized the CVD conditions to grow high-quality few-layer graphene on a nickel foil by decomposition of methane at 1000 C, [22] [23] [24] see the Experimental section for growth conditions; the high quality of graphene was conrmed by Raman spectroscopy. 25, 26 Then, we used exactly the same CVD procedure to grow graphene on nickel inverse opals and slanted nanopillar arrays (Fig. 3) . Despite the fact that these nanostructures had the same chemical composition and comparable characteristic dimensions, the results were dramatically different. Fig. 3a and b show that the morphology of the Ni inverse opals did not visibly change during the graphene deposition. Based on the results of Raman spectroscopy the graphene grown on Ni inverse opals is multilayered, similar to graphene grown on a Ni foil under the same conditions (Fig. 4a) . In contrast, when CVD growth of graphene on the nickel slanted pillars at 1000 C was conducted, the nanostructures had melted considerably ( Fig. 3d ) and bore no resemblance to their original forms (Fig. 3c) . Raman spectroscopy however indicated the growth of a reasonable quality multilayer graphene material (Fig. 4a) . Based on these preliminary results, the following experiments were carried out to address these questions:
(1) Why two types of nanostructures that are made of the same metal and have comparable smallest feature sizes behave so differently under the same CVD conditions?
(2) What steps could be taken to allow for graphene growth on "challenging" metal nanostructures, such as slanted nanopillars grown by GLAD, without their disintegration? (3) Considering the ability of graphene coatings to passivate metal surfaces, 27 is it possible to selectively etch the metal from graphene-coated metal nanostructures in accordance with the scheme shown in Fig. 1 to achieve free-standing graphene nanostructures?
The reason for the molten slanted pillars at temperatures much lower than the melting temperature of nickel (1455 C) is twofold. One factor is the increased surface to volume ratio of the nanostructures, leading to dominance of surface-localized decrease in the melting temperature, which is described by the Gibbs-Thomson equation. 28 However, given that the inverse opals with similar nanoscopic dimensions survived the high temperature growth, this explanation itself is not sufficient. Another reason is the low crystalline quality of the GLAD-grown nanostructures. The XRD (Fig. 4b ) of the nickel inverse opals showed a relatively crystalline material, with an average domain size of about 27 nm when calculated by the Scherrer formula.
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In contrast, XRD of the nanopillar array showed that the nickel structures grown by GLAD were highly amorphous shown by the short and wide (111) peak at 2q ¼ 44. 5 . Grain size was not estimable by XRD since the peak was wide beyond the useful limit of the Scherrer equation. 29 This is in accordance with the nature of the formation of these structures, since materials grown by electrodeposition tend to have much larger crystalline domains than those grown by physical vapor deposition. Thus, in order to conduct CVD of graphene over the surface of the nanopillars, lower temperatures must be employed.
We conducted a series of experiments on growth of graphene on SCTFs from methane at different temperatures. Due to the anisotropic structure of SCTFs, the degree of structural damage to them caused by high temperature CVD could be monitored not only by SEM, but also by Mueller matrix ellipsometry (MME) as a function of the in-plane azimuth. 21, 30 While SEM images could be used to visualize slanted nanopillars on a micrometer scale, MME collects averaged structural information for an $1 Â 1 cm 2 SCTF area, so the SEM and ellipsometry data combined provide complete information on structural changes in SCTFs at different scales. More specically, due to their slanted structure, nanopillar arrays exhibit an anisotropic optical response which can be detected by generalized spectroscopic ellipsometry (GSE) when measured as a function of rotational angle around the SCTF's azimuth. Although without a physical model rotation scan ellipsometry data do not give direct information regarding the nanoscopic structure of a sample, the anisotropic optical response of SCTFs has previously been characterized as being a direct result of the slanting of the nanopillars using the anisotropic Bruggeman effective medium approximation.
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An example of combined MME and SEM data is shown in Fig. 5 . When the Mueller matrix components are plotted as a function of azimuthal angle "4" for the as-grown SCTF array, they show strong angular dependencies, indicating an anisotropic structure of SCTFs (Fig. 5a, black circles) . In contrast, aer the CVD growth of graphene at 760 C this optical anisotropic response is no longer observed, as the Mueller matrix components are now independent of 4, which indicates that the substrate no longer possesses an anisotropic structure. The SEM images in Fig. 5b and c also show that no slanted nanopillars survived the CVD at 760 C, and the product is entirely molten nickel nanoparticles with graphene. We found that 760 C is the lowest temperature at which methane decomposes over nickel under the described experimental conditions to form graphene, which is yet not low enough to ensure the structural integrity of SCTFs (Fig. 5) . Therefore, in order to conduct CVD of graphene over the surface of the nanopillars, a lower growth temperature must be employed than what can be attained using a methane precursor. Many processes have performed CVD of graphene using other gaseous precursors and others have synthesized graphene using a liquid or even solid-phase carbon precursor, which has oen resulted in high-quality graphene grown at relatively low temperatures. [31] [32] [33] [34] [35] By selecting a precursor with high chemical potential, namely acetylene, it is possible to deposit graphene at signicantly reduced temperatures, thereby avoiding the destruction of the nanostructures.
An array of CVD experiments on nickel foil with acetylene as a carbon source was conducted to determine the lowest growth temperature at which graphene formation occurs over nickel. The samples were analyzed by Raman spectroscopy as displayed in Fig. 6 . Remarkably, it was observed that acetylene would decompose over the surface of the nickel foil at very low temperatures, at least as low as 300 C. However, the quality of the carbon lm grown was strongly dependent on the growth temperature as shown in Fig. 6b . The integrated I 2D /I G ratio remained mostly constant at growth temperatures from 600 to 500 C and then decreased to zero at 300 C, indicating the decrease of the graphene quality. The I D /I G ratio initially increased with decreasing growth temperature until 300 C at which point it hit a plateau approaching $2.0, which is close to the limit of the Tuinstra-Koenig regime due to very small graphitic domains. 25, 26 Based on these data, the growth temperature was chosen to be 500 C to minimize the thermal damage to nanopillar arrays while ensuring the growth of a graphene-like product. The CVD growth of graphene conducted using acetylene at 500 C was considerably gentler to the slanted nickel pillars than the growth at higher temperatures using methane. Even so, the nanostructures were deformed in the process. Raman spectroscopy indicated the presence of a multilayered graphene product consistent with the product grown on the nickel foil. SEM imaging showed the presence of a graphene coating over the surfaces of the structures as well as the presence of some nanotubes ( Fig. 7b and c) . As can be seen, the pillars retained their slanted angle even aer CVD, which is supported by rotation scan ellipsometry (Fig. 7a) . Although the pillars coated at 500 C also suffered from loss of anisotropy, their response is on the same order of magnitude and nearly equal in certain Mueller matrix elements, a signicant improvement over the CVD conducted at 760 C (Fig. 5a ). This conrms that CVD at 500 C preserves the slanted structure of the nanopillars more effectively than CVD at 760 C.
Signicant improvement in the quality of graphene-coated SCTFs is observed when the catalyst metal is switched to cobalt from nickel ( Fig. 7d-f) . Although cobalt and nickel have similar melting points (1495 and 1455 C respectively), cobalt exhibits signicantly improved thermal stability than nickel and additionally does not grow carbon nanotubes as the nickel SCTFs do. Raman spectroscopy shows that the graphene product is comparable with that grown on nickel under identical conditions. Although they are still damaged by the annealing process, the cobalt structures retain their slanted morphology much better than the nickel SCTFs as shown by both SEM images and rotation scan ellipsometry. Again, the anisotropic response is on the same order of magnitude as the as-grown SCTFs conrming the preservation of the slanted structures (Fig. 7d) . Thus, when it is an option, prudent selection of material of the nanostructures could lead to improvements in the structural integrity to thermal damage. For comparison, CVD on cobalt SCTFs was conducted at 350 C. Raman spectroscopy conrmed the formation of a carbon product similar to that grown at 300 C on nickel foil (Fig. 6 ) indicating a highly disordered carbon lm. Notably SEM images showed that the cobalt SCTFs remained almost fully intact as shown in Fig. 8 . This is also conrmed by ellipsometry with the anisotropic response being nearly equal in magnitude to those of the as-grown cobalt SCTFs. Thus, under the growth conditions here discussed, there is a tradeoff between retaining the original quality of the SCTFs and growth of a high quality graphene product.
In the described CVD experiments we fabricated a number of samples of graphene-coated Ni inverse opals, as well as Ni and Co SCTFs. The nal question of this study is whether it is possible to selectively remove metals to form free-standing graphene nanostructures in accordance with the scheme presented in Fig. 1 . The metals from the graphene-coated Ni inverse opals and Co SCTFs were removed by etching these structures with a 1 M solution of iron(III) chloride for 15 min followed by washing with water. The inverse opals, which were originally grown on Ni foils, required transfer to a SiO 2 /Si wafer. This was accomplished by spin-coating PMMA on an inverse opal sample, etching away the nickel from the foil and inverse opal, placing the graphene/PMMA lm onto the target wafer, and removing PMMA by washing with acetone. Despite the ability of graphene coatings to passivate metal surfaces, 27 Ni and Co that made up the original nanostructures had been successfully etched away, which was conrmed by energy-dispersive X-ray (EDX) spectroscopy of both samples (the EDX detection limit for transition metals in bulk materials is usually on the order of 0.1 wt%).
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Interestingly, aer chemical etching of the nickel in the inverse opal structures, the resulting graphene inverse opals were self-supporting as demonstrated in Fig. 9 . Top-view SEM images (Fig. 9a-c) of graphene inverse opal samples taken at different magnications show a highly regular structure of periodic spherical voids in a carbon material. These voids are also seen in the side-view SEM images, such as the one shown in Fig. 9d , which demonstrates that graphene inverse opal samples have fully 3D all-carbon structure comprising a fewlayer graphene framework with periodic spherical voids. It is noteworthy that the porous structures of graphene inverse opals were preserved not only during the nickel etching, but also during the transfer to Si/SiO 2 substrates, washing and drying, which indicates their high mechanical stability. The mechanical stability of these structures is consistent with previous observations that graphene has remarkably high stiffness. 36 To our knowledge, this is the rst synthesis of free-standing graphene inverse opals, although similar periodic structures with interesting optical properties based on other carbon allotropes have been previously reported by Zakhidov et al.
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Fig . 10 shows SEM images of graphene SCTFs aer cobalt etching. The majority of the SCTFs had collapsed, although some remained upright. Their collapse is likely due to the comparative mechanical instability of the slanted nanopillar morphology compared with the inverse opals. Many of the individual graphene hollow nanopillars formed by this process look attened, thus resembling large-diameter multiwalled carbon nanotubes that could collapse along their length. 40 Overall, our results demonstrate the possibility of obtaining novel 3D graphene nanostructures using properly engineered metal templates.
In summary, in this paper we demonstrate a generalized approach whereby graphene can be grown by CVD over the surface of various nanostructures. Several considerations must be taken into account when performing CVD of graphene on nanostructures. It was shown that nanostructures with high crystallinity are resilient to high temperatures and CVD using methane can be a viable option. However, for more delicate polycrystalline structures, the growth temperature must be taken into account. Methane will not suffice as a carbon source due to its high temperature of decomposition of around 760 C.
Acetylene was shown to be a much more reactive precursor which is able to decompose to form graphene of high quality at relatively low temperatures. Due to its low temperature of decomposition, acetylene is a better precursor than methane for CVD of graphene on nanostructures when thermal damage must be taken into account. Furthermore, we show that polycrystalline cobalt SCTFs are more resilient to thermal deformation than nickel SCTFs. Thus, cobalt is a preferable material for CVD of graphene on nanostructures. Finally, we demonstrate that CVD of graphene on metal nanostructures could be an effective approach to complex free-standing graphene nanostructures. Considering an enormous amount of synthetic metal nanostructures of different sizes and geometries reported elsewhere, 41, 42 and the possibility to create arbitrary 2D metal structures by lithography approaches, 43 the described approach could yield numerous novel graphene nanostructures with interesting properties and applications.
Experimental
All chemicals were purchased from Aldrich unless otherwise specied. Monodisperse polystyrene microspheres were synthesized by emulsier-free emulsion polymerization of styrene using potassium persulfate as an initiator. 44 Two batches of microspheres with average diameters of 200 and 420 nm, respectively, and relative standard deviations s < 5% were prepared. Colloidal crystal lms were grown on nickel foil substrates (Alfa Aesar) at 50 AE 1 C from $1 vol% aqueous suspensions of microspheres by the vertical deposition method. 45 Nickel inverse opals were then prepared by electrodeposition of Ni between the polystyrene spheres from an aqueous solution containing 0.1 M nickel(II) chloride, 0.6 M nickel(II) sulfate, 0.1 M boric acid and 4 M ethanol at a À0.9 V potential versus the Ag/AgCl reference electrode followed by the subsequent removal of the polystyrene by immersion of the samples in toluene. 17 The samples were inspected by SEM to conrm their highly regular microstructure and the absence of polystyrene residues.
An 80 nm lm of slanted nickel nanopillars was prepared on silicon wafers covered with 300 nm thick thermal SiO 2 (SQI) by electron beam glancing angle deposition at an angle of 85 .
Similarly, a 120 nm cobalt SCTF was grown on silicon. The detailed procedure has been discussed elsewhere.
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For the chemical vapor deposition on the nanostructures using methane, we found that the minimum temperature of graphene growth was 760 C. The substrate was placed into a furnace which was evacuated to a base pressure of 6.5 mTorr. When the base pressure was achieved, 2.0 sccm of hydrogen was introduced as the furnace was raised to a temperature of either 1000 or 760 C, aer which a ow of 15.0 sccm of methane was introduced. Aer being held at 760 C for 30 minutes, the furnace was switched off. When using acetylene, the process was identical with a few differences. The growth temperature was 500 C unless otherwise noted and the ow rate of acetylene was 0.5 sccm. Due to the high reactivity of acetylene, it was found that a 10 second growth time was sufficient for graphene growth.
Prior to chemical etching of the inverse opals, the substrate was spin-coated with a 4% solution of 950 K PMMA in anisole. The substrate was then etched in 1 M iron(III) chloride (Alfa Aesar) aqueous solution overnight. The PMMA lm was washed with DI water and placed onto 300 nm SiO 2 on Si wafer and PMMA was then removed by washing with acetone. The cobalt SCTFs were simply etched by submersion into iron(III) chloride solution for 10 minutes followed by washing with DI water.
Raman measurements were taken using a Thermo Scientic DXR Raman microscope. Spectroscopic ellipsometry measurements were taken using a J.A. Woollam M2000 instrument with a rotating stage. SEM images were taken using a Hitachi S4700 eld emission scanning electron microscope. X-ray diffraction was performed using a Rigaku D-Max/B Horizontal Q/2Q X-ray diffractometer. EDX analysis was performed using an FEI Nova NanoSEM450 eld emission scanning electron microscope equipped with an Oxford Instruments EDX system.
